While the low-frequency communication sounds of Indo-Pacific humpback dolphins (Sousa chinensis) have been reported in a number of papers, the high-frequency echolocation signals of Sousa chinensis, especially those living in the wild, have been less studied. In the current study, echolocation signals of humpback dolphins were recorded in Sanniang Bay, Guangxi Province, China, using a cross-type hydrophone array with five elements. In total, 77 candidate on-axis clicks from 77 scans were selected for analysis. The results showed that the varied peak-to-peak source levels ranged from 177.1 to 207.3 dB, with an average of 187.7 dB re: 1 lPa. The mean peak frequency was 109.0 kHz with a À3-dB bandwidth of 50.3 kHz and 95% energy duration of 22 ls. The À3-dB bandwidth was much broader than the root mean square bandwidth and exhibited a bimodal distribution. The center frequency exhibited a positive relationship with the peak-to-peak source level. The clicks of the wild Indo-Pacific humpback dolphins were short-duration, broadband, ultrasonic pulses, similar to those produced by other whistling dolphins of similar body size. However, the click source levels of the Indo-Pacific humpback dolphin appear to be lower than those of other whistling dolphins.
I. INTRODUCTION
Odontocetes (toothed whales, including dolphins and porpoises) are known to produce ultrasound pulses (also called clicks), which are used for echolocation to gather information from the surrounding environment during travelling, foraging, and social activities (Au, 1993; Au and Hastings, 2008) . Relying on their sophisticated echolocation ability, the odontocetes adapt well not only in the open ocean but also in shallow waters along coasts and some large rivers (Au, 1993; Au and Hastings, 2008) .
The echolocation clicks of odontocetes can be roughly divided into four basic categories: (1) short broadband high frequency clicks; (2) narrowband and high frequency clicks, (3) frequency-modulate clicks; and (4) the broadband low frequency clicks (Jensen et al., 2013; Surlykke et al., 2014) . However, the click parameters of different studied species in the same categories are obviously different in both waveform and spectrum characteristics (Au, 1993; Au et al., 1997) . It is still not clear how odontocetes use echolocation signals with different click parameters in different habitats.
It is also unclear how species living in shallow water environments adapt their echolocation signals to compensate for the higher degree of reverberation. This is the case for the Indo-Pacific humpback dolphins (Sousa chinensis) which predominantly inhabit areas with water depths shallower than 20 m (Chen et al., 2011) . However, before we can answer the above questions, we must know what types of echolocation signals each odontocete species produces under various environmental conditions, or alternatively, record the same species (preferably the same individuals) under different environment conditions. While echolocation signals have been studied on many species of more than 70 identified odontocete species in the wild in recent years (Surlykke et al., 2014) , very little information about the echolocation signals of Sousa chinensis is available.
Though the sounds of the Indo-Pacific humpback dolphin have been described in a number of papers (Schultz and Corkeron, 1994; Van Parijs and Corkeron, 2001a,b; Goold and Jefferson, 2004; Nanayakkara et al., 2007; Sims et al., 2012; Lin et al., 2013; Wang et al., 2013; Kimura et al., 2014) , most of these studies were performed with sounds recorded either within a 30-kHz frequency range (Schultz and Corkeron, 1994; Van Parijs and Corkeron, 2001a,b; Nanayakkara et al., 2007; Sims et al., 2012; Wang et al., 2013) or by a miniature stereo acoustic event data-logger (A-tag), which only records high-frequency phonating events and peak pressures, but not waveforms of the high-frequency sounds Kimura et al., 2014) . Ultrasound recordings of Indo-Pacific humpback dolphins with frequencies higher than 100 kHz have only been obtained from a single hydrophone system under opportunistic and uncontrolled recording conditions in the field (Goold and Jefferson, 2004) or in rescue scenarios of few stranded individuals in captivity (Li et al., 2012; Li et al., 2013) by high speed digital sampling. When using a single hydrophone in the wild, the position of the phonating animals with respect to the hydrophone is uncertain. It is therefore impossible to directly know which clicks are on-axis or off-axis from the echolocation beam, and off-axis clicks are often distorted (Au, 1993) . Hence, a hydrophone array system is needed for accurately determining the characteristics of high-frequency echolocation clicks of dolphins in the wild (Au and Herzing, 2003) .
This paper presents properties of the echolocation signals from free-ranging Sousa chinensis in their natural habitat obtained by using a five-element hydrophone array and a high-speed digital sampling recording system.
II. MATERIALS AND METHODS

A. Study area and animals
The study area was located in Sanniang Bay (21 32 0 -21 37 0 N; 108 42 0 -108 56 0 E), Guangxi Province, China (Fig. 1) , which is characterized by shallow waters with a high-tide depth of <6 m, a flat sandy bottom, and the presence of two estuarine systems. In recent years, approximately 100 Indo-Pacific humpback dolphins were photoidentified in a small core area of Sanniang Bay, about half of which were identified as young individuals (Pan et al., 2006) . The Sanniang Bay area was considered an ideal habitat with low level of human impacts for the Indo-Pacific humpback dolphin (Pan et al., 2006) .
B. Data collection
Ultrasound recordings of free-ranging Indo-pacific humpback dolphins were obtained using a cross-type hydrophone array with five elements between August 15 and September 5, 2014. A schematic diagram of the hydrophone array is shown in Fig. 2(a) . The array arms were constructed from 2-cm-diameter aluminum alloy bars. To reduce the received reverberation signal from the aluminum alloy bar, the hydrophones were attached at the end of 15-cm-long, 0.2-cm-diameter steel rods, which were welded vertically to the aluminum alloy bar. The distance between the center hydrophone and peripheral hydrophones was 76 cm. Each hydrophone (TC 4013, Reson, Slangerup, Denmark) had a sensitivity of À210 6 3 dB re: 1 V/lPa À1 in a frequency range between 1 Hz and 170 kHz, and each was connected to an EC6081 pre-amplifier (VP2000; Reson, Slangerup, Denmark). Digital acquisition equipment consisted of a NI cDAQ 9178 chassis (hi-speed USB communication, four 32-bit general-purpose counters, up to 1 MHz clocks and triggers; National Instruments, Austin, TX) and two NI 9223 acquisition cards (610 V, 16-bit 1 MS/s/ch 60 VDC; National Instruments, Austin, TX). Sounds received by the hydrophones were amplified with a 50-dB gain within a frequency range of 1-500 kHz for each channel via the EC6081 pre-amplifiers. The amplified sounds were inputted to the 16-bit analog-to-digital (A/D) converter of the acquisition card and stored on a laptop computer running the program designed using LabVIEW software (National Instruments, Austin, TX) with a sampling rate of 1000 kHz.
A cruiser 6.5 m in length and 2 m in width with an outboard gasoline-powered engine was used as the recording platform. We either followed the dolphins or, occasionally, remained stationary to wait for an occurrence of dolphins to record their sounds during days with good weather conditions (Beaufort sea states <3). A less intrusive distance (<100 m) was maintained when following the animals. Sound recording was typically performed when the animals were within 300 m of the recording platform. During recording, the boat engine was always turned off, and no other working boats were observed nearby. The top hydrophone was placed 1.5 m below the water surface. Signal data with durations of 30 s per file were stored on the hard drive of the laptop computer.
C. Data analysis
The acoustic analysis of the recorded sounds was performed using customized MATLAB algorithms. To select clicks that were as close to on-axis as possible, a series of criteria from prior studies (Au and Herzing, 2003; Au and W€ ursig, 2004; Atem et al., 2009; Jensen et al., 2009) were followed: (1) the click scan must be single and not overlap with other click trains; (2) the click must be received by all five hydrophones and have a typical waveform of dolphin echolocation signals; (3) the amplitude of the click must clearly be higher than that of the echoes; (4) the click received by the center hydrophone must have the maximum sound pressure level (peak-to-peak) in a scan and its peak sound pressure level must be higher than 154 dB; (5) if observation was possible, the animals should have been observed heading toward the array; (6) the distance (R) between the animals and the array must be >1 m and <50 m. Once an on-axis click was identified, the inter-click interval (ICI) was computed by the time between the on-axis clicks and the next click in the same click train which had regularly changed inter-click interval and click amplitude and believed from the same dolphin.
The distance between the animals and the center hydrophone was estimated using acoustic localization techniques depending on time-of-arrival differences of the signal received by different hydrophones (Urick, 1983) . Time-ofarrival differences were determined by cross-correlating between the signals collected by the center and by the peripheral hydrophones. To calculate the distance, a sound speed of 1506 m/s from salinity (14 ppt) and temperature (23 C) in the water was adopted by Medwin equation (Medwin, 1975) . Source level (SL _pp ; dB re: 1 lPa) was defined as the peak-to-peak sound pressure level (SPL _pp ) of on-axis clicks at 1 m from the source. SL _RMS (dB re: 1 lPa) was calculated from the root mean square (rms) sound pressure level over the À10-dB duration of the signal, and the EFD _À10dB (dB re: 1 lPa 2 s) was the energy flux density of the signal energy integrated over the À10-dB duration (Møhl et al., 2000; Madsen and Wahlberg, 2007; Au and Hastings, 2008) . Assuming spherical spreading, which is typical of spreading observed in dolphin sonar (Au, 1993) , the SL can be calculated as
where SPL is the received sound pressure level, R is the distance between the animals and the center hydrophone, and a is the absorption coefficient of the water measured in dB/m [0.035 dB/m at 100-120 kHz and 25 C] (Urick, 1983; Au, 1993) .
Waveform and spectrum of an on-axis click emitted by the free-ranging Indo-Pacific humpback dolphins with the examined parameters are presented in Fig. 2(b) as examples. Each click was extracted using a customized MATLAB algorithm with a length of $70 ls including 37 sample points as the time window. The waveform and power spectrum of each click were interpolated with a factor of 10 for subsequent parameter measurement. The measured parameters included 95% energy duration (s À95%E ), À3-dB duration (s À3 dB ), À10-dB duration (s À10 dB ), peak frequency (f p ), center frequency (f c ), À3-dB bandwidth (BW À3 dB ), À10-dB bandwidth (BW À10 dB ), and rms bandwidth (BW rms ). Definitions of the measured parameters have been given in detail in previous publications (Au, 1993; Madsen and Wahlberg, 2007) .
The statistical software package PASW Statistics 16.0 (SPSS Institute, Inc., Chicago, IL) was used for the descriptive (mean, standard deviation) and comparative statistical analyses of the parameters for different clicks.
III. RESULTS
During the recordings, no cetacean species other than Indo-Pacific humpback dolphins were visually sighted in the study area. Thus, it was considered that all collected echolocation signals were from the target species. The dolphins encountered during the recordings were in groups ranging from one to 19 individuals. The dolphins presented various behaviors including foraging, milling, resting, traveling and socializing.
A total of 684 sound files with recording durations of 30 s for each file were included for analysis. Based on the criteria described above, 77 clicks were selected from 77 different scans as clicks potentially on or close to the transmitting axis. The spectra of all on-axis clicks as presented in Fig. 3 . All measured parameters of the on-axis clicks, which are summarized in Table I , were compared with those calculated previously from two stranded humpback dolphins in captivity. The SL _pp ranged from 177.1 to 207.3 dB, with an average of 187.7 6 5.1 dB. The SL _RMS ranged from 166.7 to 199.7 dB, with an average of 176.8 6 5.8 dB. The SL _EFD ranged from 123.3 to 153.1 dB, with an average of 131.8 dB. The short durations of the clicks were characterized by a 22 6 4-ls s À95%E , 8 6 1-ls s À3dB , and 19 6 4-ls s À10dB .
A histogram of the f p values of the analyzed clicks is presented in Fig. 4(a) . The f p values ranged from 96.8 to 117.3 kHz, with an average of 109.0 kHz. More than 79.2% of the f p values were distributed between 105 and 115 kHz. Only 3.9% of the f p values were lower than 100 kHz, and 5.2% of the f p values were over 115 kHz. A histogram of the f c values of the clicks is presented in Fig. 4(b) . The f c values ranged from 85.1 to 113.1 kHz, with an average of 95.2 kHz. Almost 96.1% of the f c values were distributed between 85 and 105 kHz, and only 2.6% of the f c values were higher than 110 kHz.
The distribution of BW À3dB is shown in Fig. 5(a) . BW À3dB ranged from 30.9 to 78.2 kHz, with an average of 50.3 kHz. The distribution of BW À3dB exhibited a bimodal pattern. The lower peak was between 35 and 45 kHz, and the higher peak was between 60 and 70 kHz. The distribution of BW rms is shown in Fig. 5(b) . BW rms ranged from 23.1 to 38.3 kHz, with an average of 28.5 kHz; 55.8% of the BW rms TABLE I. Descriptive statistical analysis of click parameters from wild Indo-Pacific humpback dolphins and a comparison with previously calculated statistics from two humpback dolphins in captivity (Li et al., 2013 had a peak distribution between 25 and 30 kHz, and only 3.9% of the BW rms was over 35 kHz.
The ICI as a function of the calculated distance is plotted in Fig. 6 and the relationship between f c and SL _pp is plotted in Fig. 7 .
IV. DISCUSSION AND CONCLUSIONS
Although the sounds of Indo-Pacific humpback dolphins have been investigated in a number of studies (Schultz and Corkeron, 1994; Van Parijs and Corkeron, 2001a,b; Goold and Jefferson, 2004; Nanayakkara et al., 2007; Li et al., 2012; Sims et al., 2012; Li et al., 2013; Lin et al., 2013; Wang et al., 2013; Kimura et al., 2014) , the present study represents the first documentation of characteristics of the onaxis clicks of Indo-Pacific humpback dolphins in their natural habitat, obtained using a broadband and high-frequency acoustic sampling system. The five-hydrophone array recording system made it possible to determine which clicks were on axis. With this array system, the effects of click directionality and the uncertain positions of the free-ranging phonating dolphins on the click parameters were minimized. The results revealed that the wild humpback dolphins emit short (s À95%E ¼ 22 6 4 ls), broadband (BW À3dB ¼ 50.3 6 13.3 kHz), high frequency (f p ¼ 109.0 6 4.1 kHz), and fairly moderate SL (SL _PP ¼ 187.7 6 6.1 dB) echolocation clicks, which have a waveform and spectrum resembling those of clicks produced by other whistling dolphins, such as the bottlenose dolphin Tursiops sp. (Au et al., 1974; Wahlberg et al., 2011 ) and Risso's dolphin Grampus griseus (Philips et al., 2003) .
The mean value of the click SL _pp of free-ranging IndoPacific humpback dolphins was 187.7 dB, which is nearly 6 dB higher than the value estimated by Kimura et al. (2014) using an A-tag recording system. The difference between the two studies could simply be due to the different recording systems used. In Kimura et al. (2014) , the A-tag recording system only detected sound energy in the frequency range from 55 to 235 kHz, and the received sound pressure levels exceeding 158.8 dB re: 1 lPa could not be measured. These factors could result in the underestimation of source levels, as concluded by Kimura et al. (2014) .
The calculated SL _pp with average of 187.7 dB for IndoPacific humpback dolphins is obviously weaker than those of the clicks produced by the sperm whale Physeter catodon (Madsen et al., 2002; Møhl et al., 2003) , killer whale Orcinus orca (Eskesen et al., 2011) , the false killer whale Pseudorca crassidens (Madsen et al., 2004) , the long-finned pilot whales Globicephala melas (Eskesen et al., 2011) , the Indo-Pacific bottlenose dolphin Tursiops aduncus , the pantropical spotted dolphin Stenella attenuata (Schotten et al., 2004) , the spinner dolphin Stenella longirostris (Schotten et al., 2004) , and the Irrawaddy dolphin Orcaella brevirostris (Jensen et al., 2013) as Table II shows. It has been hypothesized that larger animals produce sounds with higher source levels (Gillooly and Ophir, 2010) . IndoPacific humpback dolphins have a moderate body size, with body lengths of up to 2.8 m and a maximum weight range of 250-280 kg for adults (Ross, 1984; Jefferson, 2000; Jefferson and Karczmarski, 2001 ). If the above assumption is also applicable to the odontocetes, it is reasonable for Indo-Pacific humpback dolphins to produce clicks lower than the above species. But, the same assumption does not explain the click SL _pp differences between S. chinensis and T. aduncus, S. attenuata, S. longirostris, and O. brevirostris, as they all have body sizes comparable to, or even smaller than, S. chinensis.
Actually, many factors other than body size, including the range between animals and targets and acoustic environment, could affect the click SLs of odontocetes. It has been observed that an automatic gain control, which is characterized as increased SL with increasing target range, exists in the echolocation system of many odontocete species (Au and Benoit-Bird, 2003; Li et al., 2006; Beedholm and Miller, 2007) . Beluga whales have been shown to produce clicks with higher SLs when moved to a noisier environment (Au et al., 1985) . Table I shows that f c of clicks from the wild IndoPacific humpback dolphins were lower than those of the clicks from a young conspecific in captivity and higher than those of the clicks from an old conspecific in captivity (Li et al., 2013) . One possible explanation is that the investigated dolphin group in the wild consisted of individual of varying ages, and the old dolphins in the wild may also produce clicks with lower f c values when compared with those of young dolphins. However, frequencies of echolocation clicks have been observed to vary considerably depending on the echolocation task, behavior, or acoustic environment in other dolphins (Au et al., 1985; Moore and Pawloski, 1990; Ibsen et al., 2007) . The echolocation task, behavior, or acoustic environment of the wild Indo-Pacific humpback dolphins could obviously differ from those of the two humpback dolphins in captivity. Unfortunately, these factors were not examined sufficiently for analysis.
The bimodal distribution of BW À3 dB , as shown in Fig. 5(a) , was formed by a lower minor peak of click spectrum in most analyzed clicks as Fig. 3 showed, which could extend the BW À3dB . The ICI average of 30.6 ms with a range of 13.5 to 104.5 ms, calculated from the on-axis clicks, was much shorter than the average ICI of click trains reported by Kimura et al. (2014) . However, most ICIs are longer than the two-way transit time between phonating dolphins and the hydrophone array, as shown in Fig. 6 . This may signify that the dolphins were searching for the hydrophone array as a target during our recording. Figure 7 shows that f c was positively associated with SL _PP (R 2 ¼ 0.25, p < 0.01), which has also been observed in other dolphins, including the Atlantic spotted dolphin and bottlenose dolphins (Au and Herzing, 2003; Wahlberg et al., 2011) . 
